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Aim: The effects of physical exercise on oxidative stress parameters and immunocontent of NF-кβ/p65 in lung
of rats submitted to lung injury, as well as its possible protective effect on the changes in the
alveolar-capillary barrier (total cell count, lactate dehydrogenase and total protein) in the bronchoalveolar
lavage ﬂuid (BALF) and the inﬂammatory inﬁltration in the pulmonary parenchyma were evaluated.
Main methods: Wistar rats were submitted to two months of physical exercise and after this period, lung
injury was induced by intratracheal instillation of lipopolysaccharide (dose of 100 μg/100 g body weight).
Twelve hours after injury, the animals were sacriﬁced and lung and BALF were collected.
Key ﬁndings: Results showed an increase in reactive species production, lipid peroxidation, oxidative damage
to protein, as well as in nitrite levels and NF-кβ/p65 immunocontent in lung of rats submitted to lung injury.
Physical exercise was able to totally prevent the increase in reactive species, nitrite levels and NF-кβ/p65
immunocontent, but partially prevented the damage to protein. Superoxide dismutase and catalase were not
changed in lung injury group, but the activities of these enzymes were increased in lung injury plus exercise
group. Non-enzymatic antioxidant capacity, glutathione content and glutathione peroxidase were decreased
and exercise totally prevented such effects. Rats subjected to lung injury presented an increase in total cell, lac-
tate dehydrogenase and total protein; exercise partially prevented the increase in lactate dehydrogenase.
Signiﬁcance: These ﬁndings suggest that physical exercise may prevent, at least partially, the oxidative damage
caused by experimental lung injury, suggesting that exercise may have an important role as protector in this
condition.© 2013 Elsevier Inc.Open access under the Elsevier OA license.Introduction
Acute respiratory distress syndrome (ARDS) is a type of acute
diffuse lung injury that affects both clinical and surgical patients. The
pulmonary injury can be caused by gastric aspiration, polytrauma,
pancreatitis, hemorrhagic shock, severe burns, oxygen toxicity and
surgery involving cardiopulmonary bypass (Hagiwara et al., 2008; da
Cunha et al., 2011).
The ARDS syndrome is characterized by progressive hypoxemia
and pulmonary edema (Bernard et al., 1994). Its physiopathology
involves destruction of the pulmonary capillary endothelium and
alveolar epithelium(Windsor et al., 1993; Sutcliffe, 1994) accomplished
by neutrophil, macrophages and erythrocyte accumulation, as well
as hyaline membranes and protein-rich ﬂuid in the alveolar spaces
(Ware and Matthay, 2000). These inﬂammatory cells transmigrate
across the endothelium and epithelium into the alveolar space andica, ICBS, Universidade Federal
, CEP 90035-003, Porto Alegre,
535.
ier OA license.release a variety of proinﬂammatory compounds, including proteolytic
enzymes, reactive oxygen species and nitrogen species and inﬂamma-
tory cytokines. Thereafter, a vicious cycle is perpetuaded by the recruit-
ment of additional inﬂammatory cells that in turn produce more
cytotoxic mediators, ultimately leading to prominent injury to the
alveolar-capillary membrane and respiratory failure (Windsor et al.,
1993; Lee and Downey, 2001). It is believed that a key aspect of this
pulmonary inﬂammatory response is mediated by increased levels of
reactive species (Chow et al., 2003; Cross and Eiserich, 2004; Lang et
al., 2002). In this framework experimental studies demonstrate that
rats subjected to pulmonary injury present an increase in lipid peroxi-
dation, oxidative damage to the protein and disrupted antioxidant
defenses in the lung (Ritter et al., 2006; da Cunha et al., 2011).
At themoment, no speciﬁc treatment for ARDS is available, although
recent progress has beenmade in this direction; then the search for new
therapeutic strategies is necessary. However, interventions in animal
models of lung injury aiming to reduce the production and/or the
effects of reactive species present controversial results (Weinbroum et
al., 2000; Leme et al., 2002; Koksel et al., 2004; Ritter et al., 2006).
Clinical studies have shown that regular physical exercise may
be able to prevent development of pathologic conditions, including
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syndrome and those associated with systemic inﬂammation (Blair
et al., 2001; Pinho et al., 2007; Blaha et al., 2008; Gill and Cooper,
2008; Lenz and Monaghan, 2008; Vieira et al., 2008). Experimental
evidence indicates that regular exercise is able to increase antioxidant
defenses in heart, muscle and liver of rats (Venditti and Di Meo, 1997)
and to prevent the lipid peroxidation and oxidative damage to pro-
tein present in lung injury (Pinho et al., 2006, 2009). However, few
studies have investigated the effects of physical exercise in the devel-
opment of lung injury. At least to our knowledge, there are no studies
focusing on the protective role of regular exercise on the oxidative
stress that is triggered by lung injury. Therefore, the present study
was designed to evaluate whether a moderate physical exercise
program would be able to prevent the induction of oxidative stress by
measuring reactive species production, thiobarbituric acid reactive
substances, carbonyl content, sulfhydryl content, total radical-trapping
antioxidant potential, glutathione content, nitrite levels, activities of
antioxidant enzymes (superoxide dismutase, catalase and glutathione
peroxidase) and immunocontent of nuclear factor-kappaB (NF-кβ/
p65) in the lung of rats subjected to lung injury. In addition, the disrup-
tion of the alveolar-capillary barrier was evaluated by parameters, such
as total cell counts, lactate dehydrogenase activity (LDH) and total pro-
tein in the bronchoalveolar lavage ﬂuid (BALF). Finally, the histological
analyseswere performed in order to verify the presence of inﬂammato-
ry inﬁltrate in the pulmonary parenchyma.
Material and methods
Animals and reagents
Twenty-eight male Wistar rats were obtained from the Central
Animal House of the Department of Biochemistry of the Federal
University of Rio Grande do Sul, Porto Alegre, Brazil. They were ran-
domly divided into four groups: (1) sham (sedentary and isotonic
saline instillation, n=7), (2) exercise (exercise and isotonic saline in-
stillation, n=7), (3) lung injury (sedentary and lipopolysaccharide
(LPS) instillation, n=7) and (4) exercise plus lung injury (exercise
and LPS instillation, n=7). Animals were maintained on a 12 h
light/12 h dark cycle at a constant temperature (22±1 °C), with
free access to water and commercial protein chow. Animal care
followed the NIH “Guide for the Care and Use of Laboratory Animals”
(NIH publication no. 80-23, revised 1996) and was approved by the
Ethics Committee of the Federal University of Rio Grande do Sul
(no 19322). All chemicals were obtained from Sigma Chemical Co.,
St. Louis, MO, USA.
Physical exercise training
On the 25th day of life, the animals were habituated to the appa-
ratus to minimize novelty stress. The treadmill exercise started on
the 30th day of life and ﬁnished on the 90th day. Training consisted
of 20 min of running sessions on an adapted motorized rodent
treadmill (INBRAMEDTK01, Porto Alegre, Brazil), three times per
week (Cechetti et al., 2007). A moderate intensity exercise protocol
was used (Cechetti et al., 2007; Ben et al., 2009), i.e., exercise intensityFig. 1. The timeline of expwas set at 60% of the animal's maximal oxygen uptake (Brooks and
White, 1978). The estimation of oxygen uptake (VO2) peak was
then carried out in all animals before training, until exhaustion, as
follows: each rat ran on a treadmill at a low initial speed, followed
by increases in speed of 5 m/min every 3 min until the point of
exhaustion (i.e., failure of the rats to continue running); the time to
fatigue (in min) and workload (in m/min) was taken as indexes of
capacity for exercise, which was taken as VO2 max. Animals from the
control group (not exercised) were transported to the experimental
room, handled exactly as the experimental ones and maintained in
the turned off treadmill for 20 min. Rats were adapted to the treadmill
by gradually increasing the running speed of up to 36 m/min (Cechetti
et al., 2007; Ben et al., 2009) andwere submitted to lung injury approx-
imately twenty-four hours after the last exercise.
The timeline of experimental procedures is shown in Fig. 1.
Experimental procedures
Rats were anesthetized with a mixture of ketamine (80 mg/kg)
and xylazine (10 mg/kg), intraperitoneally (IP), and lung injury was
induced by intratracheal instillation of LPS (Escherichia coli 055:B5;
Sigma Chemical, St. Louis, MO) at a dose of 100 μg/100 g body weight
(da Cunha et al., 2011). Twelve hours after the LPS instillation, rats
were anesthetized and BALF was collected three times after LPS
instillation and withdrawn with 5 mL of phosphate-buffered saline.
The ﬁnal BALF lavage volume retrieved was approximately 15 mL.
The BALF was then centrifuged (1000 g for 10 min) and the cell pellet
was dissolved in 500 μL saline, and then diluted with Turk’s solution
and the total cell count was determined using a “Neubauer” counting
chamber to conﬁrm the lung injury induction (Asti et al., 2000). In
order to estimate the alveolar cell injury and the alveolar–capillary
membrane alterations, BALF LDH activity and total protein were
determined. Subsequently, the rats were killed by decapitation and
lung tissue was collected. One lung sample was isolated and ﬁxed in
a 4% formalin solution for histopathological analysis (see below)
and the other was isolated and tissue homogenates were immediately
stored at −70 °C until assaying for oxidative stress.
Tissue preparation
Lung tissue was homogenized in 10 volumes (1:10, w/v) of
20 mM sodium phosphate buffer, pH 7.4, containing 140 mM KCl.
The homogenate was centrifuged at 750 g for 10 min at 4 °C; the pellet
was discarded and the supernatant was immediately separated and
used for the measurements.
2′7′ dichloroﬂuorescein ﬂuorescence assay
Reactive species production was measured according to the
method of LeBel and colleagues (1992) and based on the oxidation
of 2′7′-dichloroﬂuorescein (H2DCF). The sample was incubated in
a medium containing 100 μM 2′7′-dichloroﬂuorescein diacetate
(H2DCF-DA) solution. The reaction produces the ﬂuorescent compound
dichloroﬂuorescein (DCF) which is measured at λem=488 nm and
λex=525 nm; results were represented as nmol DCF/mg protein.erimental procedures.
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TBARS, an index of lipid peroxidation, were measured according to
Ohkawa and colleagues (1979). The sample was incubated in a medi-
um contained 8.1% SDS, 20% acetic acid and 0.8% thiobarbituric acid.
The mixture was vortexed and the reaction carried out in a boiling
water bath for 1 h. The resulting pink stained TBARS were deter-
mined spectrophotometrically at 535 nm. A calibration curve was
generated using 1,1,3,3-tetramethoxypropane as a standard and the
results were represented as nmol TBARS/mg protein.Protein carbonyl content
Oxidatively-modiﬁed proteins present an enhancement of carbonyl
content. In this study, protein carbonyl contentwas assayed by amethod
based on the reaction of protein carbonyls with dinitrophenylhydrazine,
forming dinitrophenylhydrazone, a yellow compound, measured spec-
trophotometrically at 370 nm (Reznick and Packer, 1994). Results
were represented as protein carbonyl content (nmol/mg protein).Sulfhydryl content
This parameter was performed according to Aksenov and
Markesbery (2001). The oxidation of free thiols in the sample leads to
the formation of disulﬁde bonds. The 5,5′ dithio-bis(2-nitrobenzoic
acid) (DTNB), color reagent is not reduced by the thiols oxidized,
generating a yellow derivative (TNB), read spectrophotometrically at
412 nm. The sulfhydryl content is inversely correlated to oxidative
damage to the protein. The results were represented as nmol TNB/mg
protein.Total radical-trapping antioxidant potential (TRAP)
TRAP was determined by measuring the chemiluminescence
intensity of luminol induced by 2,20-azo-bis-(2-amidinopropane)
(ABAP) thermolysis in a Perkin-ElmerMicrobetaMicroplate Scintillation
Analyzer (PerkinElmer Life and Analytical Sciences, Waltham, MA)
(Evelson et al., 2001; Lissi et al., 1992). The time taken by the sample
to maintain low chemiluminescence is directly proportional to the
antioxidant capacity of the tissue. Results are represented as nmol
Trolox/mg protein.Superoxide dismutase assay (SOD)
The SOD activity assay is based on the capacity of pyrogallol to
autoxidize, a process highly dependent on superoxide, which is sub-
strate for SOD. The inhibition of autoxidation of this compound occurs
in the presence of SOD, whose activity was then indirectly assayed at
420 nm (Marklund, 1984). A calibration curve was performed with
puriﬁed SOD as standard, in order to calculate the activity of SOD
present in the samples. The results were represented as SOD units/mg
protein.Catalase assay (CAT)
CAT activity was assayed using a SpectraMax M5/M5 Microplate
Reader (Molecular Devices, MDS Analytical Technologies, Sunnyvale,
California, USA). The method used is based on the disappearance of
H2O2 at 240 nm in a reaction medium containing 20 mM H2O2, 0.1%
Triton X-100, 10 mM potassium phosphate buffer pH 7.0, and 0.1–
0.3 mg protein/ml (Aebi, 1984). One CAT unit is deﬁned as 1 μmol
of hydrogen peroxide consumed per minute and the results were rep-
resented as CAT units/mg protein.Glutathione peroxidase assay (GPx)
GPx activity was measured using tert-butyl-hydroperoxide as
substrate (Wendel, 1981). NADPH disappearance was monitored at
340 nm. The medium contained 2 mM glutathione, 0.15 U/mL gluta-
thione reductase, 0.4 mM azide, 0.5 mM tert-butyl-hydroperoxide
and 0.1 mM NADPH. One GPx unit is deﬁned as 1 μmol of NADPH
consumed per minute; the speciﬁc activity is represented as GPx
units/mg protein.
Reduced glutathione content (GSH)
This method is based on the reaction of GSH with the ﬂuorophore
o-phtalaldeyde (OPT) after deproteinizing the samples, and was mea-
sured according to Browne and Armstrong (1998). The sample was
incubated in a medium contained sodium phosphate buffer pH 8.0,
OPT 1 mg/mL (prepared in methanol). Subsequently, ﬂuorescence was
measured at λem=420 nm and λex=350 nm in a SpectraMax M5/M5
Microplate Reader (Molecular Devices, MDS Analytical Technologies,
Sunnyvale, California, USA). A calibration curve was also performed
with a commercial GSH solution, and the results are represented as
μmol GSH/mg protein.
Nitrite assay
Nitrite levels were measured using the Griess reaction; the sample
was incubated in a medium contained Griess reagent (1:1 mixture of 1%
sulfanilamide in 5% phosphoric acid and 0.1% naphthylethylenediamine
dihydrochloride in water). The absorbance was measured at a wave-
length of 543 nm. Nitrite concentration was calculated using sodium
nitrite standards (Green et al., 1982).
Cellular fractionation for nuclear NF-кβ/p65 subunit
Lung was homogenized in hypotonic lysis buffer (10 mM HEPES
(pH 7.9), 1.5 mM MgCl2, 10 mM KCl, 0.5 mM phenylmethylsulfonyl
ﬂuoride, 1 mM dithiothreitol, 5 mM NaF, 1 mM sodium orthovanadate
plus protease inhibitor cocktail). Lung homogenate was then lysed
with 18 μL 10% IGEPAL. The homogenate was centrifuged (14,000 ×g,
30 s, 4 °C), and the nuclear pellet was resuspended in 200 μL ice-cold
hypertonic extraction buffer (10 mM HEPES (pH 7.9), 0.40 M NaCl,
1.5 mM MgCl2, 10 mM KCl, 0.5 mM phenylmethylsulfonyl ﬂuoride,
1 mM dithiothreitol, 5 mM NaF, 1 mM sodium orthovanadate,
0.25 mM EDTA, 25% glycerol plus protease inhibitor cocktail). After
40 min of intermittent mixing, extracts were centrifuged (14,000 ×g,
10 min, 4 °C), and supernatants containing nuclear proteinwere secured
(Zanotto-Filho et al., 2009). Aliquots were taken for protein determina-
tion and, for electrophoresis analysis, were dissolved in 25% (v/v) of a
solution containing 40% glycerol, 5% mercaptoethanol, 50 mM Tris–
HCl, pH 6.8.
Western blotting for NF-кβ/p65
Nuclear fraction was used for NF- кβ/p65 subunit according to the
protocol described above. Equal protein concentrations were loaded
onto 10% polyacrylamide gels and analyzed by SDS-PAGE. Protein
samples were separated by 10% SDS-PAGE (50 μg/lane of total pro-
tein) and transferred (Trans-blot SD semidry transfer cell, BioRad)
to nitrocellulose membranes for 1 h at 15 V in transfer buffer
(48 mM Trizma, 39 mM glycine, 20% methanol, and 0.25% SDS). The
blot was then washed for 10 min in Tris-buffered saline (TBS)
(0.5 M NaCl, 20 mM Trizma, pH 7.5), followed by 2 h incubation in
blocking solution (TBS plus 5% bovine serum albumin (BSA). After
incubation, the blot was washed twice for 5 min with blocking solu-
tion plus 0.05% Tween-20 (TTBS) and then incubated overnight at
4 °C in blocking solution containing the antibody: anti-NF-кβ/p65
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for 5 min with T-TBS and incubated for 2 h in antibody solution
containing peroxidase-conjugated anti-mouse IgG or peroxidase-
conjugated antirabbit IgG diluted 1:1000. The blot was again washed
twice for 5 min with T-TBS and twice for 5 min with TBS. Anti-β-actin
was used as an internal control since its level is not affected by the
experimental treatments. The blot was developed using a chemilumi-
nescence ECL kit (Amersham, Oakville, Ontario). The chemilumines-
cence was detected using X-ray ﬁlms that were scanned and analyzed
using the Optiquant Software (Packard Instruments).
Lactate dehydrogenase activity (LDH)
LDH activity in BALF was determined by a colorimetric assay with
commercially available kits (Labtest Diagnostic ®, Brazil).
Histopathological analysis
The lungs were immediately removed after decapitation and placed
in formalin. Histological slides from the samples were prepared using
standard coloration techniques (hematoxylin and eosin). All samples
were analyzed based on a qualitative determination of the presence of
diffuse alveolar inﬁltrate. The analysis of inﬂammatory inﬁltrates was
carried out by a pathologist blinded to the experimental groups and
regions of sampling. Six samples for each experimental group were
analyzed.
Protein determination
Protein concentration was measured by the method of Lowry et al.
(1951), using bovine serum albumin as standard.
Statistical analysis
All analyses were performed using the Statistical Package for the
Social Science (SPSS) software running on a PC-compatible computer.
Data were analyzed by two way ANOVA followed by Tukey post hoc
test, and lung injury and exercise were considered as interfering
factors. Descriptive statistical data are expressed as means±SD; dif-
ferences of pb0.05 are considered as signiﬁcant.
Results
Initially, we investigated the effects of lung injury and/or exercise
on reactive species production (DCF levels) in the lungs of rats. As
depicted in Fig. 2, two way ANOVA showed a signiﬁcant interaction
for lung injury versus exercise in this parameter [F(1,24)=8.50,Fig. 2. Effect of lung injury and/or exercise on reactive species production. Data are
expressed as mean±SD for 7 animals in each group. Different from other groups,
**pb0.01 (two way ANOVA followed by Tukey test).pb0.01]. In addition, the post hoc Tukey test revealed a signiﬁcant in-
crease in reactive species production in rats submitted to lung injury
(pb0.01), and this effect was signiﬁcantly prevented by exercise.
Next, we evaluated the effects of lung injury and/or exercise on
lipid peroxidation, as measured by TBARS levels and damage to pro-
tein measured by carbonyl and sulfhydryl content in lungs of rats.
Two-way ANOVA revealed a signiﬁcant main effect in the lung
injury-rats group (TBARS levels [F(1,24)=17.63, pb0.001], carbonyl
content [F(1,24)=12.90, pb0.01] and sulfhydryl content [F(1,24)=
11.13, pb0.01]). Subsequent post hoc Tukey test showed a signiﬁcant
increase in TBARS levels and carbonyl and decrease in sulfhydryl con-
tent in the lung of rats submitted to lung injury (pb0.05). Interesting-
ly, exercise did not prevent the increase in TBARS levels, and partially
prevented the increase in carbonyl and the decrease in sulfhydryl,
contents (Fig. 3).
The lung non-enzymatic antioxidant defense was evaluated by
TRAP and GSH content. As can be observed in Fig. 4a two way
ANOVA revealed a signiﬁcant effect in the lung injury-rats group
[F(1,24)=6.53, pb0.05] and exercise group [F(1,24)=8.18, pb0.01]Fig. 3. Effect of lung injury and/or exercise on thiobarbituric acid reactive substances
(a), carbonyl content (b) and sulfhydryl content (c) in lung of rats. Data are expressed
as mean±SD for 7 animals in each group. Different from other groups, *pb0.05;
# p>0.05 compared with sham and lung injury group (two way ANOVA followed by
Tukey test).
Fig. 4. Effect of lung injury and/or exercise on total radical-trapping antioxidant potential
(a) and reduced glutathione content (b) in lung of rats. Data are expressed as mean±SD
for 7 animals in each group. Different from other groups, *pb0.05 (two way ANOVA
followed by Tukey test).
Fig. 5. Effect of lung injury and/or exercise on enzymatic antioxidant defense superoxide
dismutase (a), catalase (b) and glutathione peroxidase (c) in lung of rats. Data are
expressed as mean±SD for 7 animals in each group. Different from other groups,
*pb0.05, ***pb0.001 (two way ANOVA followed by Tukey test).
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in rats submitted to lung injury (pb0.05) and this effect was signiﬁ-
cantly prevented by exercise. Furthermore, two-way ANOVA showed
a signiﬁcant interaction for lung injury versus exercise [F(1,24)=
26.07, pb0.001] on GSH content (Fig. 4b). The post hoc test indicated
a decrease in GSH content in rats submitted to lung injury (pb0.05).
Exercise per se did not alter this parameter, but it prevented the effect
of lung injury.
The lung enzymatic antioxidant defense was also evaluated by the
activities of SOD, CAT and GPx in the lung of rats submitted to lung
injury and/or exercise. As can be observed in Fig. 5a, two way
ANOVA showed a signiﬁcant interaction of lung injury versus exercise
on SOD activity [F(1,24)=14.87, pb0.01]. The post hoc Tukey test
showed that SOD activity was not altered in animals submitted to
lung injury (p>0.05), but was increased in the exercise-plus-lung
injury group (pb0.001). As regards to CAT activity (Fig. 5b), two way
ANOVA demonstrated a signiﬁcant effect in the lung injury-rat group
[F(1,24)=6.67, pb0.05] and in the exercised-rat group [F(1,24)=
38.96; pb0.001]. Subsequent post hoc Tukey tests revealed that CAT
activity was not altered in animals submitted to lung injury; however
it was increased in the animals in the exercise group (pb0.05) and
exercise-plus-lung injury group (pb0.001).With regard to GPx activity,
Fig. 5c shows a signiﬁcant interaction of lung injury versus exercise
[F(1,24)=5.80, pb0.05]. The post hoc test revealed a signiﬁcant de-
crease in GPx activity in rats submitted to lung injury (pb0.001), and
physical exercise prevented this effect.
Nitrite levels in the lung of rats submitted to lung injury and/or
exercise were also investigated. Two way ANOVA showed a signiﬁcant
interaction of lung injury versus exercise on nitrite levels [F(1,24)=
33.49, pb0.001]. As can be seen in Fig. 6a, nitrite levels were increased
in rats subjected to lung injury (pb0.001), when compared to the con-
trol; physical exercise prevented this effect.We also investigated the NF-кβ/p65 immunocontent in the lung
of rats submitted to lung injury and/or exercise. Two-way ANOVA
shows a signiﬁcant interaction of lung injury versus exercise on
NF-кβ/p65 [F(1,24)=8.23, pb0.05]. The post hoc test showed an in-
crease in NF-кβ/p65 immunocontent in rats submitted to lung injury
(pb0.01) and exercise prevented this effect (Fig. 6b).
The disruption of the alveolar–capillary barrier was evaluated by
parameters such as total cell count, LDH activity and total protein in
BALF. Two way ANOVA (Table 1) showed a signiﬁcant effect in the
lung injury-rat group (total cell count [F(1,24)=176.52, pb0.001],
LDH activity [F(1,24)=27.61, pb0.001) and total protein [F(1,24) =
46.12, pb0.001]. The Tukey test showed a signiﬁcant increase in
total cell count, protein concentration (pb0.001) and LDH activity
(pb0.01) in the BALF of rats submitted to lung injury when compared
to the control group. Exercise was able to partially prevent the increase
in LDH, but did not prevent the increase in total cell count and total
protein.
Qualitative histological analysis of lung tissue was done in order to
verify the presence of inﬂammatory inﬁltrates and so validate the
lung injury model and assess effect of exercise. Fig. 7 shows that
Fig. 6. Effect of lung injury and/or exercise on nitrite levels (a) and NF- кβ/p65 (b).
β-actin was used as loading control. Data are expressed as mean±SD for 7 animals
in each group. Different from other groups, ***pb0.001; **pb0.01 (two way ANOVA
followed by Tukey test). NF-кβ/p65: nuclear factor kappa B.
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trate in the lungs (Fig. 7c), when compared to the control group
(Fig. 7a). Exercise per se neither affected this parameter (Fig. 7b)
nor was not able to prevent it (Fig. 7d).
Discussion
ARDS is characterized by a disturbance of the alveolar–capillary bar-
rier, which results in ﬂuid accumulation and impaired gas exchange
(Ware and Matthay, 2000). It is known that oxidative stress plays im-
portant roles in pulmonary injury, particularly in triggering endothelial
damage and inﬂammatory edema (Hagiwara et al., 2008). It is believed
that physical exercise can ameliorate the vascular function by stimulat-
ing the NO• synthesis by the endothelial cells (Woodman et al., 1997;Table 1
Effect of lung injury and/or exercise on total cell count, lactate dehydrogenase activity and
Sham Exe
Total cell (×105 cells/μL) 10.99±1.33 11
Lactate dehydrogenase activity (U/L) 518±28.87 510
Total protein (mg/mL) 34.42±3.47 43
Data are expressed as mean±S.D. for 7 animals in each group. Different from other groups,
ANOVA followed by Tukey test).Kingwell, 2000),which improves the defense systems against the action
of reactive species and induces an adaptive response (Venditti and Di
Meo, 1997; Pinho et al., 2006, 2009). In addition, physical exercise has
been shown to prevent the development of many diseases, such as pul-
monary diseases and others associated with systemic inﬂammation
(Petersen and Pedersen, 2005; Pinho et al., 2007; Vieira et al., 2008).
However, there are no studies investigating the role of regular physical
exercise as a protector against oxidative stress present in lung injury.
Present work was designed to evaluate whether a moderate physical
exercise program would be able to prevent the induction of oxidative
stress in the lungs of rats subjected to experimental lung injury.
The protective effect of physical exercise on disturbances of alveolar–
capillary barrier was also evaluated by total cell count, LDH activity
and total protein in BALF, as well as in the inﬁltrate in the pulmonary
parenchyma (histological analyses).
Our results revealed that lung injury increased the production of
reactive species (as observed by DCF levels) and induced lipid perox-
idation (as observed by TBARS) in the lungs of rats. Additionally, we
also observed an increase in carbonyl and decrease in sulfhydryl con-
tent. These results suggest that oxidative stress may be an important
contributor to development of lung injury by disruption of protein
and lipid integrity. Physical exercise was able to prevent the produc-
tion of reactive species (totally) and the protein damage (partially),
but not prevent the lipid peroxidation induced by lung injury. With
regard to the protective effect of exercise, our results are in agree-
ment with other studies that have shown that the response to oxida-
tive stress induced by H2O2 was signiﬁcantly lower in the heart of
trained rats than in sedentary rats (De Angelis et al., 1997). In this
context, studies suggest that the ability of the lung tissue to withstand
the effects caused by free radicals, for example by increasing the anti-
oxidant defenses, may be more important than preventing lipid per-
oxidation (Oh-ishi et al., 1997; Pinho et al., 2006).
Studies have demonstrated that a single bout of exercise can in-
crease the production of reactive species, causing damage to lipids,
proteins and DNA (Davies et al., 1982; Powers and Lennon, 1999;
Radak et al., 1999; Ji et al., 2006). On the other hand, it has been
suggested that the molecular basis for the beneﬁcial effect of regular
physical exercise may be related to the increase in reactive species
while causing molecular damage and inducing adaptive stress re-
sponses (Powers et al., 2010, 2011; Radak et al., 2008; Gomes et al.,
2012). Once the adaptive properties result from the cumulative ef-
fects of repeated exercise bouts, the initial signal for the stimulation
leading to the long-term modulation must occur after each exercise
bout (Ji et al., 2006). One way of adaptation and protection against
oxidative stress is the NF-кβ signaling pathway. On the direct binding
of H2O2 or through other reactive species, NF-кβ is translocated to the
nucleus to enhance transcription of genes for antioxidant enzymes
such as mitochondrial SOD and nitric oxide synthase (Meyer et al.,
1994; Wan et al., 1994; Hollander et al., 2001; Ji et al., 2006).
Since the protective effect of exercise could play a beneﬁcial role
on imbalance between oxidants and antioxidants involved in the dis-
ease related to oxidative stress, such as ARDS, and the mechanisms of
biological adaptation is still largely unknown in the lung, we evaluat-
ed the effect of lung injury and physical exercise on immunocontent
of NF-кβ/p65. Our results showed an increase in immunocontent of
NF-кβ/p65 in animals submitted to lung injury, while the exercisetotal protein concentration in bronchoalveolar lavage.
rcise Lung injury Exercise lung injury
.85±0.83 110±15.75 *** 117.24±11.17***
.76±29.06 677.11±42.81 ** 606.84±22.47#
.99±5.73 118±15.77*** 102±29.08***
**pb0.01, ***pb0.001; #p>0.05 compared with sham and lung injury group (two way
Fig. 7.Histopathologicﬁndings after lipopolysaccharide instillation. Sham: sedentary operated isotonic saline instillation (a); exercise: operated isotonic saline instillation (b); lung injury:
sedentary and lipopolysaccharide instillation (c); lung injury plus exercise (d). Twelve hours after lipopolysaccharide administration, the lung was removed for histopathologic analysis.
Representative illustration from 6 animals each group (H&E, 20× magniﬁcation).
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variety of stimulants, including free radicals, proinﬂammatory cyto-
kines, LPS and other (Baeuerle and Baltimore, 1988), the effect of
physical exercise in normalizing the NF-κB levels in lung of rats sub-
mitted to lung injury, suggests a potent anti-inﬂammatory action
through the inhibition of NF-κB activation, which in turn may be un-
derlie by decreasing in reactive species generation observed in the
lung injury-exercise rat group (as described below).
TRAP is a useful estimate of non-enzymatic antioxidants and assesses
the total potential of the main antioxidants found in the lung tissue
(for example, glutathione, uric acid, ascorbic acid, and α-tocopherol)
(Evelson et al., 2001). In the present study, we showed that lung injury
decreased TRAP and GSH content, suggesting that the TRAP reduction
observed in the animals submitted to lung injury can be due to a de-
crease in GSH content. A substantial lack of the antioxidant, GSH, in the
respiratory tract of ARDS patients may enhance the risk for oxidant
injury. The delicate balance between oxidant and antioxidant systems,
however, is of major importance for maintaining normal lung function
and structure (Bunnell and Pacht, 1993). Interestingly, our study showed
that physical exercise prevents the decrease in GSH content, which could
explain why the TRAP values return to normal. Our results suggest that
physical exercise could be recommended for the restoration of normal
GSH content, since it can increase the activities of enzymes involved in
GSH synthesis (Sen et al., 1992; Kretzschmar and Muller, 1993; Ji et al.,
2006).
With regard to the enzymatic antioxidant defenses that are re-
sponsible for removing reactive species (Halliwell and Gutteridge,
2007), our results showed that activities of SOD and CAT in the lung
of rats subjected to lung injury were not altered. Interestingly, the
lung injury-exercise group was able to increase the activities of SOD
and CAT in the lung, when compared to lung injury and/or the controlgroup, in contrast to exercise that per se increased CAT activity. In this
context, it has been shown that rats submitted to lung injury induced
by ischemia and reperfusion did not present any alteration in their
serum antioxidant enzymes, but rats subjected to injury plus exercise
present an increase in SOD activity, when compared with sedentary
rats (Mussi et al., 2008). Based on this, the authors suggested that
physical exercise can increase the expression of antioxidant enzymes.
Other studies also show that physical exercise, at a moderate intensi-
ty, promotes upregulation of antioxidant enzyme expression (Powers
and Lennon, 1999; Chang et al., 2004; Linke et al., 2005; Ordonez et
al., 2006; Toledo et al., 2012). It is probable that the increase in anti-
oxidant enzymes could lead to lower reactive species production. In
our study, the lack of activation of antioxidant enzymes caused by
lung injury could lead to accumulation of reactive species, which
may join to form hydroxyl radicals (OH•), a powerful free radical
with the ability to rapidly remove electrons from other molecules
(Del Maestro, 1980; Yu, 1994). Our results showed that physical exer-
cise prevented the increased DCF levels induced by lung injury. The
CAT detoxiﬁes the H2O2 formed and H2DCF that can be oxidized to
DCF in the presence H2O2. A hypothesis for the decreased DCF levels
observed in lung injury-exercise group may be due to the fact that
CAT activity was increased by exercising.
As discussed earlier, CAT reduces H2O2 to H2O, removing a key
intermediate in the formation of OH•. It is has been suggested that
the lungs have a lower CAT content, as compared to other antioxidant
enzymes (Heffner and Repine, 1989; Repine and Parsons, 1994;
Halliwell and Gutteridge, 2007). GPx also removes H2O2 and other
peroxides by coupling its reduction to H2O with oxidation of GSH,
using selenium as a cofactor. The inhibition of GPx activity in the
animals submitted to lung injury observed in our study could be asso-
ciated within the decrease in GSH, since the activity of this enzyme
225M.J. da Cunha et al. / Life Sciences 92 (2013) 218–227depends on the regeneration of GSH. We also observed that physical
exercise prevents GPx and GSH alterations.
Clinical and preclinical studies have demonstrated that NO• levels
are increased in the BALF of ARDS patients and experimental lung in-
jury (Sittipunt et al., 2001; da Cunha et al., 2011). In the present
study, we observed that rats subjected to lung injury present an in-
crease in nitrite levels and that exercise was able to prevent such ef-
fect. We believe that a possible activation of macrophages leads to the
increase of this radical and could contribute to endothelial or paren-
chyma injury, increasing the microvascular permeability, which
could result in lung injury. However, we cannot discard the fact that
NO• bioavailability may be reduced by the increase in O2•−, since
SOD activity was altered in animals submitted to lung injury, which
can react with NO• to yield the potent oxidant peroxynitrite
(ONOO−), capable of oxidizing proteins, lipids and nucleic acids, caus-
ing cellular damage (Beckman et al., 1990; Beckman and Koppenol,
1996). Studies have also demonstrated that the harmful effects of ele-
vated levels of NO• in ARDS are related to the induction of chemokines
and cytokines and to the formation of most harmful reactive species
(Sittipunt et al., 2001; Vanoirbeek et al., 2006). Our ﬁndings demon-
strate that exercise decreases the nitrite levels, which is in agreement
with studies that demonstrate that physical exercise inhibits the eleva-
tion of the pulmonary NO• levels in animals submitted to lung injury
(Ramos et al., 2009). The authors suggested that the decrease in NO•
levels could be involved in anti-inﬂammatory effects caused by
exercise.
The increases in the total cell counts in the BALF and inﬁltrate,
observed in the lung parenchyma, conﬁrm the inﬂammatory process
in rats submitted to lung injury, when sacriﬁced 12 h after injury. In
agreement with this result, Ritter et al. (2006) showed an increase
in total cell count in BALF analysis at 12 h after intratracheal LPS in-
jection. In our study, exercise was not found to prevent the increase
in the inﬂammatory process in the BALF and pulmonary parenchyma
that was caused by the lung injury model. In disagreement withFig. 8. Summary of the effect of lung injury on oxidant–antioxidant status present in the lun
(superoxide dismutase) CAT (catalase), GPx (glutathione peroxidase), GSH (reduced glutatour results, previous studies have demonstrated that animals pre-
submitted to six weeks of aerobic conditioning, obtained through
low-intensity swimming training, demonstrate attenuated lung neu-
trophil inﬂammation, at 24 h after lung injury, suggesting that phys-
ical exercise may have a long-term effect (Ramos et al., 2009). The
lack of results in our study could be due to the fact that 12 h after in-
jury is insufﬁcient for the organisms that decrease the inﬂammatory
process present in lung injury, since it has been shown that regular
physical exercise promotes an acceleration of repair processes in in-
ﬂammation, interferes in several steps of inﬂammatory processes
and increases the phagocytic ability of the cells (Fehr et al., 1989;
Nieman, 1998).
In order to conﬁrm the lung injury, we also investigated the inﬂu-
ence of lung injury and/or exercise on the total protein concentration
and LDH activity in BALF. Results showed that lung injury increased
LDH activity and protein concentration in BALF. These results are in
agreement with other studies that showed that the total protein con-
centration and LDH activity in BALF were increased in animals sub-
mitted to lung injury (Dal-Pizzol et al., 2006; da Cunha et al., 2011).
The concentration of protein in BALF increases rapidly after lung inju-
ry and the protein concentrations reach maximal values at between 6
and 12 h (Ritter et al., 2006). The increased protein concentration in
BALF may indicate an increase in permeability of the alveolar capillary
membrane (Lenz et al., 1999). Physical exercise did not alter the
changes in the protein concentration caused by lung injury, but it was
able to partially prevent the increase in LDH activity, suggesting that
there was injury in animals subjected to lung injury. It is suggested
that the prevention of injury can be explained, at least in part, by the de-
creased oxidative stress observed in our study. Although our results
show signiﬁcant inﬂammatory changes that are present in pulmonary
injury, our results do not demonstrate the degree of extension of the
lesion. The ratio of partial pressure of oxygen (PaO2) to fractional con-
centration of oxygen (FiO2) is a clinical measure of lung oxygenation
and is frequently used to describe the extent of lung dysfunction;g, highlighting those processes that were quantiﬁed throughout the investigations. SOD
hione) and TRAP (total radical-trapping antioxidant potential).
226 M.J. da Cunha et al. / Life Sciences 92 (2013) 218–227therefore, this is a limitation in our study. However, other studies have
showed that the PaO2/FiO2 ratio was signiﬁcantly decreased in lung of
rats submitted to lung injury by LPS instillation (DiRocco et al., 2006;
Xie et al., 2012). Fig. 8 summarizes the oxidant–antioxidant status pres-
ent in the lung, highlighting the processes that were here quantiﬁed.
Conclusion
In summary, our ﬁndings show that physical exercise prevents
some alterations in oxidative parameters, such as reactive species
production, GPX activity, GSH content and nitrite levels, as well as
the increase in NF-кβ/p65 immunocontent caused by experimental
lung injury. Based on these ﬁndings, we suggest that exercise is able
to protect against the oxidative damage caused by lung injury; how-
ever, the mechanisms and biological signiﬁcance of these ﬁndings re-
quire further scrutiny to verify the effects of exercise in this
pathological condition and the possible beneﬁts of its use to prevent
the oxidative stress present in ARDS.
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